Abstract: Xylanases are important polysaccharide-cleaving catalysts for the pulp and paper, animal feeds and biofuels industries. They have also proved to be valuable model systems for understanding enzymatic catalysis, with one of the best studied being the GH11 xylanase from Bacillus circulans (Bcx). However, proteins from this class are very recalcitrant to refolding in vitro. This both limits their high level expression in heterologous hosts, and prevents experimental approaches, such as peptide ligation or chemical modifications, to probe and engineer their stability and function. To solve this problem, a systematic screening approach was employed to identify suitable buffer conditions for renaturing Bcx in vitro. The fractional factorial screen employed identified starting conditions for refolding, which were then refined and developed into a generic protocol for renaturing preparative amounts of active Bcx in a 50-60% yield from inclusion bodies. The method is robust and proved equally proficient at refolding circularly permuted versions that carry cysteine mutations. This general approach should be applicable to related GH11 xylanases, as well as proteins adopting a similar b-jellyroll fold, that are otherwise recalcitrant to refolding in vitro.
Introduction
Xylan is a major component of lignocellulosic materials and amongst the most abundant polysaccharides in nature. Technologically, lignocellulosics have longstanding importance as raw materials in the pulp and paper industry. 1 More recently, they also represent a potentially renewable and sustainable source of fuels that does not compete with food production and that could replace fossil-derived counterparts. However, due to the structural complexity of lignocellulose, controlled degradation and depolymerization without excessive use of harsh chemicals is challenging. In the effort to meet this challenge, enzymes that hydrolyze xylan (xylanases) have been employed for decades in pulp processing, and improved strategies for enzymatic processing of lignocellulose remain of high interest for biofuel production.
The best characterized of the highly specific xylanases belong to CAZy family GH11 (Carbohydrate Active Enzymes database, http://www.cazy.org/). These enzymes are important components of xylanase mixtures currently employed in the pulp and food industry (for reviews see refs. [2] [3] [4] ). The low molecular weight (20 kDa) and high thermal and pH stability of the GH11 xylanases make them particularly interesting candidates for further optimization for use in industrial processes. In addition, the GH11 Bacillus circulans b-1,4-endoxylanase, Bcx, has proved to be an excellent model system for understanding structures and mechanisms of xylanases, as well as glycoside hydrolases in general. [5] [6] [7] [8] [9] [10] [11] [12] [13] The three-dimensional structures of the enzyme have been determined in complex with a variety of ligands, and numerous mutants (including circular permutants) have been made and kinetically analyzed. Detailed NMR spectroscopic studies have also been performed to provide insights into Bcx dynamics and electrostatics, with a particular emphasis on site-specific pKa measurements. [5] [6] [7] [8] [9] [10] [11] [12] [13] Unfortunately, one limitation of this system for both fundamental enzymology studies and biotechnological applications is that an efficient refolding protocol for Bcx and other GH11 xylanases is lacking. Most likely this is a result of the highly hydrophobic nature of the GH11 sequences. Although giving rise to a very stable native b-jellyroll fold, the denatured polypeptide chains have also a notoriously strong tendency to aggregate, leading to very poor yields of correctly folded, active enzymes. 7 Within its native context in Bacillus circulans, Bcx is expressed with a cleavable signal peptide that directs the protein for secretion. [5] [6] [7] [8] [9] [10] [11] [12] 14 This sequence is not needed for proper folding as Bcx lacking a secretory peptide can still be efficiently expressed in a heterologous host such as Escherichia coli.
14 Under mild induction conditions, the cysteine-free protein folds to its active conformation within the soluble cytosolic fraction, whereas more aggressive induction leads to the formation of inclusion bodies. Presumably this reflects the limited capacity of the bacterial proteostasis machinery, including chaperones, to prevent the aggregation of nascent protein chains and to ensure proper folding to a native structure in a cellular environment. Furthermore, even active circular permutants of Bcx can be produced using E. coli expression systems, demonstrating that the enzyme adopts its native fold in a manner that does not depend upon the locations of its termini. 15 Hence, a productive in vivo folding process must exist independently of the translation and secretion processes, implying that in vitro refolding of Bcx, and presumably other GH11 enzymes, to a thermodynamically favorable native state should be possible. However, in vitro refolding in simple solution conditions can be complicated by competing pathways that yield kinetically trapped aggregates or other misfolded species. We therefore set out to find a robust and efficient refolding protocol for Bcx. The strategy that we developed to meet this goal is general and thus should be readily adapted toward related xylanases, as well as other folding-recalcitrant proteins.
Results and Discussion
Although there are well-known guiding principles for favoring folding and minimizing aggregation of proteins in vitro, determining an optimal protocol for renaturation remains an empirical process. Nevertheless, insights into potential conditions for refolding of Bcx can be gleaned from a study of a proline-rich all-b-sheet fibronectin type III (FNIII) module. 16 This small protein (94 residues) adopts a very stable all-b-sheet Greek-key fold with a high contact order. 16 Similar to Bcx, FNIII is a small, globular protein that possesses a stable hydrophobic core rich in aromatic residues. FNIII refolds very rapidly (<1 s at 58C) upon 11-fold dilution from 7 M GuHCl into a buffer containing 0.7 M GuHCl and 20 mM sodium acetate pH 5.2. 16 The denaturant may slow down the hydrophobic collapse, thereby leading to a smaller fraction of misfolded proteins. Similarly, the addition of aggregation inhibitors such as polyethylene glycol, sugars or detergents is expected to protect solvent-exposed hydrophobic patches of folding intermediates, rendering aggregation pathways less favorable. 17 This background information provides a useful starting point for discovering conditions to refold Bcx.
Fractional factorial screens reveal refolding conditions for Bcx
Fractional factorial screens are a systematic and rapid method to identify conditions for processes such as protein crystallization or refolding. 18 Rather than tediously testing numerous parameters independently, these screens involve simultaneous variation of multiple parameters in a fraction (1/2, 1/4, etc.) of the samples that would be required for a full combinatorial screen. From this, general trends favoring folding can be identified. Once coarsely defined, further optimization steps can be readily implemented. For Bcx, a fractional factorial screen was designed to rapidly explore the effects of seven different additives, three different detergents, and eight different pH conditions (Table SI) . We modeled our screen on the general approach of Willis et al., 18 which has since been implemented into several commercially available refolding kits. However, we did not use these generic screens, since they heavily focus on proteins with disulfide bonds (redox conditions) and proteins with divalent metal cations. Also, Bcx and other GH11 enzymes proved are reluctant to refolding under conditions that typically work for many other proteins. Instead, we customized buffer additives based on the specific properties of family GH11 enzymes. We omitted reducing agents since wild-type Bcx does not contain any cysteines or disulfide bonds. Likewise, divalent cations were also omitted since none are known to bind Bcx with significant affinity. Instead we chose xylose and glycerol as additives, as well as an array of detergents and aggregation inhibitors. The former represents a partial ligand and the latter was used in the successful refolding of catalytic amounts of several Bcx mutants. 7, 12 Since distinct charge states might be crucial for formation of initial contacts during folding and since Bcx has a high isoelectric point of 9.1 yet maximum activity at pH 5.5, we tested eight different pH values ranging from 3.5 to 9.5. To stabilize the anticipated large hydrophobic patches present in the unfolded or partially folded states of the protein, three detergent conditions (0.3 mM DDM, 0.5 mM Tween-80, and 1 M NDSB-201) were also chosen. 18 Finally two concentrations each of PEG 3350 (aggregation inhibitor), sodium chloride, sucrose (osmolyte folding agent), arginine hydrochloride (aggregation inhibitor) and guanidinium chloride (GuHCl, chaotropic salt) were included in the screen. 18 These additives, detergents and buffers were combined to produce 32 fractional factorial screening solutions, listed in Table SI .
To carry out the screen, we dissolved purified native Bcx at 1 mg/mL in sodium phosphate buffer containing 6 M GuHCl at pH 6.0. Although Bcx unfolds cooperatively at a midpoint GuHCl concentration between 2 and 3 M (L.P.M., unpublished observation), the high concentration of denaturant was used with the assumption of producing a nearly monodisperse solution of fully denatured protein. Also, it may be more difficult to achieve this starting state from inclusion bodies that contain impure aggregated protein. Samples were then rapidly diluted 20-fold into each of the 32 screening solutions in a 96 multi-well plate and incubated overnight at 48C. Note that due to the initial denaturation conditions chosen, all final samples end up containing at least 0.3 M GuHCl. The aggregation state of each sample was then evaluated by measuring its turbidity spectrophotometrically at 340 nm, 405 nm and 560 nm using a plate reader. Although common trends were seen at all wavelengths studied, the turbidity measured at 340 nm was found to be the most sensitive, and thus was used in subsequent trials. As a negative control (maximal aggregation), unfolded Bcx was diluted into wells containing buffers at all eight pH values, without any additives. As positive controls (maximal correct folding), the same amount of native enzyme was diluted into similar buffered solutions.
The 32 refolding conditions studied were found to yield the entire range of turbidities. Samples with the highest turbidity matched those of the negative controls, whereas the lowest values were on the level of that exhibited by the native Bcx solutions. The relative aggregation states of samples were calculated from these turbidity values, normalized to the lowest value of the positive controls and to the highest value of the negative controls. To validate the notion that aggregation, as measured by turbidity at 340 nm, does indeed correlate inversely with correct folding, we also determined the activities of a subset of samples. Indeed, samples with the highest turbidities had very low specific activities (<1% of the control), whereas those with low turbidities exhibited high specific activities (60-100% of the control) (Tables SI and SII) . Turbidity therefore reliably reflects refolding of our Bcx samples. It is also noteworthy that turbidity measurements are simpler than alternative methods such as dynamic light scattering.
The relative aggregation levels for the sets of sample groups in each of the eight buffer (pH) conditions, along with an indication of the ranges of aggregation states, are summarized in Figure 1 (A). Although acidic conditions clearly promote aggregation, the large spread of values observed reflects how some additives can reduce aggregation, even at the lower pH values. In contrast, the spread of values at pH 7.0 is narrow, reflecting generally low aggregation regardless of the additives. To assess how refolding is affected by the general presence of an additive, the means of the normalized aggregation of all samples containing that additive were plotted alongside the equivalent conditions without the additive [ Fig. 1(B) ]. Clearly, the presence of 0.06% w/v PEG 3350 or of 1 M GuHCl had the largest impact on lowering aggregation. An analysis of how pH affected these results revealed particularly pronounced effects at pH 5.5-7.5 (data not shown). In contrast, the presence of NaCl and xylose promoted aggregation, whereas sucrose, arginine and glycerol showed only minor effects.
Due to the 1/8 fractional design of the screen with simultaneous variation of conditions, the principal effects of one parameter can be confounded with other parameters. For example, Figure 1(C) shows the pH-dependence of refolding in the absence of any detergent and in the presence of three different detergents. The lowest means of aggregation were achieved in the presence of Tween-80 and pH 5.5-7.0, whereas NSDB-201 was superior outside this pH window. In contrast, the presence of DDM did not lower aggregation at most pH values. PEG 3350 and GuHCl had their strongest effects in solutions at slightly acidic pH values of 4.5-6.5 (data not shown). Figure 1(D,E) illustrates the dependence of detergent type on the two additives that exhibited the strongest principal effects, namely GuHCl and PEG 3350. The aggregation inhibitory effect of 1 M GuHCl was either not significantly enhanced or was counteracted by all of the three detergents tested. A similar trend was observed for the aggregation inhibitory effect of PEG 3350. Neither Tween-80 nor NSDB 201 further enhanced the effect, and DDM even slightly counteracted it. Likewise, PEG 3350 and GuHCl did not exhibit any co-dependence (data not shown).
In the initial screen, we identified factors that help prevent aggregation on their own (PEG 3350, GuHCl, NSDB-201 or Tween-80, pH 5.5 -7.5). However, we were unable to determine which combination of components was optimal for establishing favorable interactions. Thus, we set up a second screen to assess the more ambiguous factors (arginine, sucrose), to refine the results (sample pH and GuHCl concentration), and to determine favorable interactions to find the optimal combination of additives. In this screen, all conditions included 0.06% w/v PEG 3350 and at least 0.5 M GuHCl because these factors were already identified as strongly beneficial. All other factors were then assessed in the background of these additives. The sample pH value was tested at four levels (MES pH 5.5, MES pH 6.5, HEPES pH 7.0 and TRIS pH 8.5) and with two different detergents (NDSB-201 and Tween-80) to determine which combination is superior. The concentration of GuHCl was tested at two different levels (0.5 and 1.0 M), whereas arginine and sucrose were tested at the same levels as in the first screen to re-evaluate their weaker effects.
The overall mean aggregation in this screen was considerably lower than in the first screen, confirming the improvement in folding conferred by the refined conditions of sample pH, and the presence of PEG 3350, GuHCl and selected detergents. The samples with minimal aggregation tended to have a pH of 8.5 or 7.0 [ Fig. 2(A) ]. In terms of additives, Tween-80 was slightly more effective at inhibiting aggregation than NSDB-201 in the presence of GuHCl at 1.0 M, but not 0.5 M [ Fig. 2(B) ]. Stated alternatively, no difference was seen in the mean effect with NSDB-201, yet samples with Tween-80 benefitted from a higher guanidine concentration. In contrast, arginine promoted aggregation under the refined conditions and sucrose had no effect (data not shown). Co-variation of sample pH and detergent revealed that the effects of Tween-80 reduced aggregation steadily from pH 5.5 to 8.5, whereas NSDB-201 acted best above or below pH 6.5 [ Fig. 2(C) ]. In contrast, the higher concentration of GuHCl worked best at pH 7.0, whereas lower concentrations were better matched with pH 8.5 [ Fig. 2(D) ]. The effect of GuHCl concentration also depended on the detergent present.
An initial coarse fractional factorial screen, followed by a more focused screen, allowed us to identify conditions that favored the folding of Bcx with minimal aggregation. Since Tween-80 is the least expensive reagent, shows improved effects in the presence of 1 M GuHCl and does not interfere with PEG 3350 [ Fig. 1(E) ], this detergent was chosen as a key buffer component. An optimized refolding buffer was also found to contain HEPES at pH 7.0 or Tris pH 8.5, because all chosen factors have their highest or nearly highest effect at this sample pH value. To confirm the validity of these results based on turbidity measurements, the enzymatic activities of Bcx folded under these 10 best conditions were measured (Table SI) . Enzyme concentrations were determined by absorbance at 280 nm and activity was calculated relative to that of native Bcx at 208C and pH 6.5, for which k cat 5 30 s 21 . Indeed, the condition containing 0.06% w/v PEG 3350, 1.0 M GuHCl, 0.5 mM Tween-80 and 50 mM HEPES pH 7.0 yielded refolded Bcx with a relative activity of 80% of the reference. Protein refolded under the second best condition (0.06% w/v PEG 3350, 0.5 M GuHCl, 0.5 mM Tween-80 and 50 mM TRIS pH 8.5) showed 70% activity relative to the total amount of protein, whereas that from the next best eight compositions ranged between 25% and 65% activity. These conditions contained NSDB-201 or were at a more acidic pH value. These results showed that, although an optimal refolding condition was identified, slightly different buffer conditions could also be used, if for example acidic pH was preferred because a cysteine mutant was to be refolded.
Scaled up refolding by pulsed dilution provides a 90% yield of active Bcx
Development of a scalable method for refolding requires careful consideration of the protocol for dilution of the protein from the denaturing buffer into the refolding buffer. In general, protein aggregation is strongly concentration-dependent and thus a balance between sample dilution and practical sample volume must be found. In our small scale screening assays, we use a final concentration of 50 mg/mL Bcx in 100 mL. In a previously published Bcx refolding protocol, dialysis was the chosen method for buffer exchange from the denaturing buffer to the refolding buffer. 7 However, this was probably not a good choice for two related reasons. First, large volumes of denaturing buffer were needed to maintain preparative amounts of protein at a concentration low enough to prevent aggregation. Second, although properly folded Bcx is very stable over a wide range of concentrations and solution conditions, it does have a propensity to reversibly selfassociate at millimolar concentrations and elevated ionic strength buffers. 10 In contrast, when placed in non-denaturing conditions, unfolded Bcx appears to be extremely prone to aggregation, presumably due to an abundance of exposed hydrophobic residues. This requires the rapid dilution of unfolded Bcx into relatively large volumes of refolding buffer to minimize the concentrations of any fully or partially unfolded species. Accordingly, we developed a refolding protocol involving pulsed dilution. That is, Bcx is introduced step-wise into a refolding buffer in small portions with a time period between the pulses that allows the denatured enzyme to refold at very low concentrations (<5 mg/mL). 19 The concentration of folded Bcx will increase after each pulse, but this should not impact sample aggregation. Following the same strategy as for the screen, we tested this refolding technique by adding denatured Bcx (1.0 mL of 1 mg/ mL in 6 M GuHCl, 50 mM phosphate pH 6.0) dropwise to pre-cooled refolding buffer (20 mL, 48C) with stirring to ensure rapid dilution of any unfolded protein. The sample was then incubated at 48C overnight to precipitate any misfolded protein, allowing it to be removed by centrifugation. Absorbance at 280 nm revealed that the final protein concentration was 50 mg/mL. The solution had a clear appearance and the ultraviolet absorption spectra did not show any turbidity due to the presence of aggregates. According to measured enzymatic activity, 90% of the total protein refolded. The higher refolding yield obtained here relative to the miniaturized screen confirms that the dilution technique is robust. The refolded Bcx was concentrated to 2.6 mg/mL and exchanged into phosphate buffer, pH 6.0. Since it still contained a significant amount of PEG 3350 and possibly Tween-80, cation exchange chromatography was used for final purification. The purified enzyme was obtained in a satisfying 86% isolated yield of refolded enzyme, relative to the <1% reported yield in previous attempts. 7 
Refolding of wild-type Bcx from inclusion bodies
We next applied our refolding protocol to protein from inclusion bodies produced by high level expression of 15 N-labeled Bcx in E. coli. Washed inclusion bodies were dissolved in denaturing buffer (7 M GuHCl, 50 mM sodium phosphate, pH 6.0) at 1 mg/ mL (50 mM) and centrifuged at 30,000g, 48C for 30 min. Thorough mixing and fast dissolution of the inclusion bodies was found to be crucial to obtain a solution that contains few initial protein aggregates. Indeed, at this point of our study, we discovered that even in the presence of 6 M GuHCl or 8 M urea, denatured Bcx has a tendency to form extremely stable, probably amyloid-like aggregates. This process is accelerated at acidic pH, high protein concentrations and in the presence of any remaining aggregates from undissolved inclusion bodies (data not shown). Such aggregates, which are invisible to the eye but detected by their early elution from reversed phase HPLC, reduced the refolding yield significantly in our experiments. The fresh, clarified protein solution at 1 mg/mL was therefore directly subjected to the pulsed dilution refolding protocol described above. After purification by cation exchange chromatography, 46% of the total protein subjected to refolding was recovered as soluble, active enzyme. Furthermore, the 15 N-HSQC spectrum of the refolded protein was essentially identical to that of a reference sample obtained from the soluble lysate of an E. coli expression host (Fig. 3) . This confirms that the refolded protein adopts the well characterized structure of native Bcx.
Refolding of circular permutants from inclusion bodies
To demonstrate that our method is broadly applicable to other constructs of Bcx, we also refolded two of its circular permutants. These variants each have a single cysteine introduced at a solvent exposed site that will be exploited for planned peptide ligation experiments. The enzymes adopt the same tertiary structure as wild-type Bcx, 20 but have their Ntermini placed at position Tyr174 (cpY174-S162C) or Pro75 (cpP75-T87C), respectively. Although both constructs expressed in E. coli at a comparable level to the wild type enzyme, the yields of soluble protein were significantly lower, especially with cpP75-T87C (data not shown). In the bacterial system, folding of this enzyme is likely to occur co-translationally, hence the shifted termini might impact folding efficiency. In contrast, this effect is not expected to the same extent for in vitro folding, since the randomcoil chain should, in principle, be able to form similar initial contacts and folding intermediates for the different circular permutants. Indeed, using our optimized protocol, cpP75-T87C provided 60% and cpY174-S162C 55% isolated yield of purified, active enzyme relative to the total amount of denatured protein from inclusion bodies subjected to refolding. This stands in contrast to the negligible fraction of soluble enzyme found in the cell extract. Interestingly, yields of the three constructs (WT, cpP75-T87C and cpY174-S162C) we tested our in vitro refolding protocol follow the opposite trend from the yields of native enzyme in vivo. cpP75-T87C showed the highest yield in vitro (65%), yet lowest in vivo, whereas wild-type Bcx had the lowest in vitro (46%), yet highest in vivo.
Conclusions
In conclusion, using a fractional factorial screening approach, we developed a robust in vitro protocol for obtaining active refolded Bcx from an initially denatured state. The optimized protocol involves the step-wise pulsed dilution of Bcx from 1 mg/ml in 6 M GuHCl by approximately 20-fold into a refolding buffer containing 0.06% w/v PEG 3350, 1.0 M GuHCl, 0.5 mM Tween-80 and 50 mM HEPES pH 7.0 at 48C. Our method also greatly improves the yield of Bcx variants from inclusion bodies in bacterial expression systems. Being able to refold GH11 enzymes has several experimental benefits, including the use of peptide ligation to engineer chemically modified forms of the enzyme. This work also exemplifies a general strategy for identifying conditions that favor the refolding of proteins with a high propensity for aggregation or other misfolding processes.
Materials and Methods

PCR cloning of cysteine mutants and circular permutants of Bcx
The circular permutants were generated with a GlyGly linker joining the native ends (Ala1 and Trp185), with cysteines at exposed sites, and with the new Nterminus introduced at the positions 75 (cpP75-T87C) or 174 (cpY174-S162C). Clones encoding these were generated from the wild type gene sequence or permuted sequences by a PCR approaches. The products were placed into a pET29b(1) vector (Novagen) using NdeI and HindIII restriction sites. The DNA and amino acid sequences of the designed circular permutants are listed in Table SIII .
Protein expression and purification
Wild-type Bcx was expressed from a pET22b plasmid (ampicillin resistance) and circular permutants from a pET29b plasmid (kanamycin resistance). Cultures of transformed E. coli BL21(kDE3) were grown at 378C in 1 L of Lysogeny Broth (LB; 10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl) containing 50 mg/mL kanamycin or 100 lg/mL ampicillin. IPTG was added to a final concentration of 0.05 mM at mid-log phase and incubation continued at 308C for 5 h. Cells were collected by centrifugation and resuspended in 40 mL of 10 mM sodium phosphate buffer, pH 6.0. To the suspension, 100 U Benzonase nuclease (Novagen) and 400 mU lysozyme were added and incubated for 20 min at room temperature. The cells were subsequently passed through a pressure homogenizer three times. The cell lysate was clarified by centrifugation at 16,000g for 20 min at 48C. The pellet of cell debris and insoluble protein (inclusion bodies) was saved for refolding experiments. The supernatant was passed through a 0.22 lm Millipore Millex V R syringe filter and purified by binding to a 5 mL HiTrap SP-FF sepharose cation exchange column (GE Healthcare). After washing with 50 mL of 10 mM sodium phosphate buffer, pH 6.0, the protein was eluted with a sodium chloride gradient (10 mM sodium phosphate, pH 6.0, 0-500 mM sodium chloride, 50 mL) using an € AKTA purifier. Fractions (30 3 5 mL) were collected and protein elution was monitored by absorption at 280 nm. The purity of the desired fractions was checked by SDS-PAGE. Fractions were combined and concentrated using a 10 kDa MWCO spin filter (Millipore) and the buffer was exchanged to 10 mM sodium phosphate (pH 6.0) using the same spin filter.
Refolding screen
Lyophilized native wild-type Bcx (400 mg) was dissolved in 400 mL denaturing buffer (sodium phosphate 50 mM, pH 6.0 containing 6 M GuHCl, final protein concentration 1 mg/mL) and denatured by incubation for at least 2 hr at room temperature. Afterwards, protein concentration was determined by ultraviolet absorbance at 280 nm (predicted e 280 5 82,850 M 21 cm 21 ). The fractional factorial layout was calculated using the package F2Fr in R 21 and is summarized in Tables SI and SII . In a 96-well plate, duplicates of the 32 refolding buffers (100 mL each) were prepared and cooled to 48C. Denatured Bcx (5 lL) was diluted into each of the refolding buffers to yield a final concentration of 50 mg/mL and the plate was incubated overnight at 48C. Turbidity of the solution was determined by measuring absorbance at 340 nm, 405 nm and 560 nm with a Synergy H1 Hybrid Reader (BioTek Instruments). Positive and negative controls were performed with the wells containing native Bcx and aggregated Bcx (unfolded protein diluted into buffer solutions containing no further additives), respectively. From the results of the screens, relative aggregation values were calculated as follows. The lowest absorption value in the screen was subtracted from all values to set the positive controls (50 mg/mL native Bcx in buffer) to 0 aggregation. The differences where then divided by the highest absorption value (denatured Bcx diluted at 50 mg/mL into buffer only, pH 3.5) and multiplied by 100 to obtain the relative aggregation values normalized to highest aggregation in the screen (100%). From the normalized data, statistical plots for further analysis were compiled with the respective packages in R.
Activity assay for Bcx
Enzymatic activity was assayed according to established protocols. 7 An end-point assay (substrate concentration >5 3 K M ) was performed for each well containing low aggregation in duplicates using 5 mM 2,5-DNP b-xylobioside as a substrate in assay buffer (20 mM MES pH 6.0, 50 mM sodium chloride, 0.1% BSA). Refolded Bcx (0.7 lL) from the wells was directly diluted into 70 mL assay buffer at 208C and the reaction was monitored by measuring absorption of the released 2,5-dinitrophenolate at 440 nm (e 440 5 3.57 mM 21 cm 21 ). Under these conditions with substrate at a saturating concentration, the initial reaction velocity was taken to provide a relative measure of the amount of active enzyme present in a given sample. Relative activity was calculated as the percentage of this velocity versus the positive control, which contained the same amount of native Bcx added to the refolding buffer of each well (5.0 mg in 100 mL). Relative activity was calculated with reference to the value of native Bcx (positive control) at 208C.
Refolding milligram quantities of Bcx by pulsed dilution
Lyophilized wild-type Bcx (10 mg) was dissolved at room temperature in 10 mL of denaturing buffer (7 M GuHCl, 50 mM sodium phosphate, pH 6.0) to a final protein concentration of 1 mg/mL (50 mM) for at least 2 h. The protein solution was then added dropwise to 200 mL of refolding buffer (48C) at a rate of 1 drop every 5-10 s using a peristaltic pump. The refolding buffer consisted of 50 mM HEPES pH 7.0, 0.06% w/v PEG 3350, 0.5 mM Tween-80, 1.0 M GuHCl. After addition was complete, the refolded protein was incubated overnight at 48C. Precipitated protein was removed by centrifugation (31,000g, 30 min). The refolded protein was exchanged into 10 mM phosphate buffer pH 6.0 with an AmiconV R Stirred Cell (membrane MWCO of 10,000 Da) at 48C, and subsequently concentrated to a volume of 40 mL. Refolded Bcx was purified by cation exchange chromatography to remove PEG 3350 ( € AKTA Purifier equipped with HiTrap SP-FF (GE Healthcare), 10 mM sodium phosphate pH 6.0, 0-250 mM NaCl in 20 min).
Refolding protein from inclusion bodies
The pellet obtained from the insoluble fraction was washed twice with 10 mM sodium phosphate buffer pH 6.0 containing 1% w/v Triton X-100 (Fisher, electrophoresis grade), once with buffer containing 1 M sodium chloride and once with water. The inclusion bodies were dissolved by stirring at room temperature in 10 mL of denaturing buffer (7 M GuHCl, 50 mM sodium phosphate, pH 6.0, and 1 mM DTT for cysteine-containing mutants, final protein concentration 1 mg/mL). Fast mixing of the protein into the denaturing buffer and dissolution of the inclusion bodies within a few minutes was found to be crucial to avoid aggregation of unfolded protein and low refolding yields. The solution of denatured protein was filtered through a 0.22 mm syringe filter (Millipore) or centrifuged (31,000g, 30 min) to remove any undissolved protein. Refolding by pulsed dilution was accomplished by the same protocol for native Bcx described above. 
NMR spectroscopy
